This paper presents a geotechnical characterization of the glacigenic sediments in Prydz Bay, East Antarctica, based on the shipboard physical properties data obtained during Leg 119, combined with results of land-based analyses of 24 whole-round core samples. Main emphasis is placed on the land-based studies, which included oedometer consolidation tests, triaxial and simple shear tests for undrained shear strength, permeability tests in oedometer and triaxial cell, Atterberg limits, and grain-size analyses. The bulk of the tested sediments comprise overconsolidated diamictites of a relatively uniform lithology. The overconsolidation results from a combination of glacial loading and sediment overburden subsequently removed by extensive glacial erosion of the shelf. This leads to downhole profiles of physical properties that have been observed not to change as a function of the thickness of present overburden. A number of fluctuations in the parameters shows a relatively systematic trend and most likely results from changes in the proximity to the ice sheet grounding line in response to variations in the glacial regime. Very low permeabilities mainly result from high preconsolidation stresses (P c '). P c ' values up to 10,000 kPa were estimated from the oedometer tests, and empirical estimates based on undrained shear strengths (up to 2500 kPa) indicate that the oedometer results are conservative. The diamictites generally classify as inactive, of low to medium plasticity, and they consolidate with little deformation, even when subjected to great stresses. This is the first report of geotechnical data from deep boreholes on the Antarctic continental shelf, but material of similar character can also be expected in other areas around the Antarctic.
INTRODUCTION
Five sites (739-743) were drilled across the continental shelf and upper slope during Ocean Drilling Program (ODP) Leg 119 (Fig. 1A) . The cored sequence consists of sediments ranging from preglacial terrestrial sandstones (possibly of Early Cretaceous age) to Holocene diamictons and diatomaceous sediments (Barron, Larsen, et al., 1989) . The main part of the recovered material, however, consisted of glacigenic sediments, with massive to weakly stratified diamictites and diamictons as the predominant lithology (Hambrey et al., this volume) . This is typified by the two outermost shelf sites, Sites 739 and 742, and by Site 743 on the upper continental slope. Sites 739 and 742 provide evidence of the influence of major ice sheets at least since early Oligocene time, and possibly earlier. The onset of glaciation was, however, not recorded.
Reports on geotechnical properties of Antarctic sediments are sparse. Most work has been on surficial sediments obtained by gravity and piston corers (Anderson et al., 1977 (Anderson et al., , 1980 (Anderson et al., , 1984 Kurtz et al., 1979; Edwards et al., 1987) . The only geotechnical studies reported on deeper, drilled sediments have been from Deep Sea Drilling Project (DSDP) and ODP sites, from Legs 28 and 113, respectively, of which only DSDP Leg 28 drilled on the continental shelf proper. The reported geotechnical studies from these sediments have included only shipboard analyses.
Shipboard-measured physical properties data from Leg 119 indicated a generally high but varying degree of overconsolidation in the recovered diamictites (Shipboard Scientific Party, 1989b , 1989c . Subsequent laboratory consolidation tests have confirmed this picture and also thrown some light on the consolidation history of the shelf sediments (Solheim et al., chapter 9, this volume) . In this paper, we present a geotechnical characterization of these Antarctic unsorted glacigenic sediments based on both shipboard results and the results of land-based studies. The presentation given in this paper also provides background information for the paper by Solheim et al. (chapter 9, this volume) , which discusses the results of consolidation tests with respect to the stress history of the sediments. In particular, the characteristics of the high-strength diamictites of Sites 739 and 742 will be discussed.
MATERIALS AND METHODS
The overall structure of the Prydz Bay continental shelf, as seen seismically (Stagg, 1985; Cooper et al., this volume) , consists of a sequence of seaward weakly dipping strata on the inner shelf, followed laterally by more steeply dipping strata on the outer shelf (Fig. IB) . The latter forms a thick prograding sequence. All dipping strata are cut by a regional angular unconformity and overlain by up to 200 m of flat-lying strata (Cooper et al., this volume) (Fig. IB) .
The drilled part of the sequence consists mainly of clastic sediments, with the exception of some diatomaceous deposits within the uppermost few meters below seafloor (mbsf), in particular at Site 740 (Barron, Larsen, et al., 1989) . The recovered sediments at Site 743, on the upper continental slope consist entirely of diamicton (Fig. 2) . The upper parts of the four shelf sites also consist of diamicton, but this is underlain by stiff diamictites at these sites. At Sites 739 and 742, various facies of upper Paleogene through Neogene diamictites (with the exception of a few thin diatom-rich siltstone beds) form the entire cored sequence below the diamictons (Fig. 2) . Carbonate cementation was found in the lower parts of Holes 739C and 742A. At Sites 740 and 741, the diamictites are underlain by presumably pre-Tertiary sandstones and siltstones (Truswell, this volume) (Fig. IB) .
The diamictons and diamictites ( Fig. 3 ) are interpreted as representing various types of glacigenic deposits, ranging from Hambrey et al., 1989) . Results of shipboard measurements of water content (percent of wet weight), porosity, wet-bulk density, Pwave velocity, and undrained shear strength at Sites 739 (A), 742 (B) and 743 (C). See Appendix for exact values of the different properties. The lithostratigraphic units are taken from Hambrey et al. (this volume) and the ages are from shipboard biostratigraphy (Barron, Larsen, et al., 1989) .
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lodgement till through waterlain till to more distal glacial marine deposits (Hambrey et al., this volume) . The older, presumably preglacial sediments of Sites 740 and 741 most likely represent continental alluvial plain and fluvial sedimentation (Turner, this volume; Turner and Padley, this volume).
Sampling and Sample Disturbance
With the exception of those at Site 743, the whole-round core samples used in this study were obtained by rotary coring. Because of the potential for severe sample disturbance, this technique is not generally used for obtaining geotechnical samples. However, most of the observed disturbance of the diamictites was in the form of fracturing and shearing to various degrees, which is also apparent from the core photographs and descriptions (Barron, Larsen, et al., 1989) . In choosing the whole-round core samples, fractured or sheared zones were carefully avoided, and during the mounting for the triaxial and oedometer tests, the outer 3 to 5 mm of the samples were removed. Possible sample disturbance was also checked against empirical data from offshore Norway (Lacasse, 1988) . These data relate sample disturbance to the range of strain likely at loads equal to the present overburden (P o '). Based on this and the generally careful sample treatment, significant disturbance of the stiff diamictites is considered unlikely. Techniques and routines used for preparing, packing, and storage of the samples are further described by Solheim et al. (chapter 9, this volume) .
Analyses Shipboard measurements of sediment physical properties included water content (percent of wet weight), porosity, wet-bulk density, dry-bulk density, grain density, undrained shear strength, compressional-(P)-wave velocity, and thermal conductivity. Samples used for shipboard measurements were in the order of 5 cm 3 of volume, and care was undertaken to obtain as representative samples as possible. Because of the potentially great effect on these small samples, however, larger clasts were avoided. The methods used and the measurements and results at each site are thoroughly discussed in the Leg 119 Initial Reports volume (Barron, Larsen, et al., 1989) .
Shore-based geotechnical analyses have been carried out on 24 whole-round core samples (Table 1) . There are samples from all the sites and different sediment types, but the main emphasis is on the glacial sediments of Sites 739 and 742. Analyses performed on the samples were oedometer consolidation tests, constant head permeability tests in oedometer and triaxial cell, unconfined compression, simple shear and triaxial tests for undrained shear strength, Atterberg limits and grain-size analyses. At Sites 739, 742, and 743, grain-size analyses were also carried out on approximately every other of the shipboard samples analyzed for water content, porosity, and bulk density (see Appendix).
All whole-round core samples were X-ray photographed, and the X-radiographs were used during mounting of the test specimen to avoid larger clasts. These would affect the tests, which originally were designed for homogeneous clays. The methods used for oedometer consolidation tests are described by Solheim et al. (chapter 9, this volume) . The two unconfined compression tests were unsuccessful because of fracturing of the samples during testing, and these tests will therefore not be further discussed. One simple shear test and four triaxial tests were performed using procedures described in detail by Berre (1981) and Andresen et al. (1979) . In the simple shear test, the sample is trimmed down to 50 mm in diameter and 16 mm in height, confined by a steel-reinforced rubber membrane and mounted between two filter stones. The sample is then vertically consolidated to the preconsolidation pressure (P c '), which was found from oedometer tests (Solheim et al., chapter 9, this volume) , and subsequently unloaded to P o '. Shearing is then accomplished by moving the upper filter stone horizontally at a constant strain rate while keeping the sample height constant.
The four samples for triaxial tests were trimmed down to a diameter of 54 mm. Heights varied between 69.8 and 112 mm. The samples were mounted in a rubber membrane and with polished steel plates at the ends to reduce end friction. Before shearing, the samples were consolidated to the same effective stresses as they carried in the field. To estimate the effective horizontal stress, the earth pressure coefficient at rest (K o ') was estimated from values of over-consolidation ratio (OCR, from consolidation tests) and plasticity index (I p ) after relationships published by Brooker and Ireland (1965) . The samples were then sheared by static, undrained compression (CAUa test), by keeping the horizontal stress constant and increasing the vertical stress. The tests were run up to approximately 20% strain at a strain rate of l Vo-2% per hour. The coefficient of permeability (k) was measured by the constant head permeability test (Bjerrum and Huder, 1957; Lambe and Whitman, 1979) for two of the samples tested in the triaxial cell.
Grain-size analyses were carried out on all whole-round core samples by sieving for fractions > 63 µm and Sedigraph 5000 D analyses for the silt and clay fractions. The analyzed samples varied in dry weight from 7.81 g to 28.24 g, averaging 15-20 g. The shipboard samples (Barron, Larsen, et al., 1989) were analyzed with the same techniques, but without differentiating the sand fractions for these samples. The shipboard samples were mostly between 5 and 10 g of sediment although both larger and smaller samples did occur.
All whole-round core samples were analyzed for Atterberg limits. The samples were wet sieved through a 75-µm sieve and the plastic limit determined by measuring the water content of the sediment when it ceases to behave plastically when rolled by hand into cylinders 3.2 mm in diameter (Norwegian Standard, 1982b) . The liquid limit was determined using a fall cone penetrometer in a remolded sample (Norwegian Standard, 1982a) .
RESULTS
Shipboard Analyses (Appendix)
At Site 743, on the upper continental slope, the physical properties show values typical of normally consolidated diamic- tons (Bennett and Nelsen, 1983; Lunne et al., 1983; Eide and Andersen, 1984; Amundsen et al., 1987; Solheim et al., 1988; Solheim, in press; Lien et al., 1989 ) and a gradual downhole effect of increased overburden (Fig. 2C ). The water content (percent of wet weight) drops from values slightly below 20% in the top to 12%-13% at 69 mbsf. Porosity drops from 36%-38% at the top to 27% at 69 mbsf. Wet-bulk density increases downhole from 2.2 to 2.35 g/cm ) and velocity (1600 m/s) are assumed to be effects of lithologic differences (Shipboard Scientific Party, 1989d) . Undrained shear strength, on the other hand, showed no significant variations in this interval (Fig. 2C) .
In the two sites with the thickest glacigenic sequences, Sites 739 and 742, a thin upper cover of soft diamictons and diatomaceous deposits with physical properties similar to those in the upper part of Hole 743A ( Fig. 2 and Appendix) is underlain by diamictites. Physical properties of the cored diamictites show them to be highly compacted, even at shallow burial depths, and with no further downhole trends apparent that can be ascribed to the effects of increased overburden. Hence, the diamictites of Sites 739 and 742 clearly bear evidence of a past consolidation history. Values of porosity and water content are generally low, in the order of 30% and 15%, respectively, as an average, while bulk density and velocity are correspondingly high, 2.26 g/cm 3 and 2200 m/s, respectively, on average. Undrained shear strength was generally too high to be measured by the shipboard devices (i.e., greater than 900 kPa; Shipboard Scientific Party, 1989a). Considerable variation is, however, superimposed on the average values ( Fig. 2 and Appendix). At Site 739, this is particularly significant in the interval between approximately 170 and 310 mbsf (Fig. 2) , where the values fluctuate between distinct maxima and minima. Water content values within this interval vary between 14% and 32%, porosity between 25% and 57%, wet-bulk density between 1.9 and 2.5 g/ cm 3 , and P-wave velocity between 1800 and 2700 m/s. At Site 742, variations of similar appearance are found between approximately 114 and 195 mbsf (Fig. 2) . At this site, water content varies between 8% and 27%, porosity between 18% and 47%, wet-bulk density between 2.0 and 2.5 g/cm 3 , and P-wave velocity between 1700 and 2300 m/s.
Possible interpretations of the small-scale fluctuations, however, as stated in Barron, Larsen, et al. (1989) , are that they could be due to variations in degree of compaction, lithologic effects, or a combination of the two. Therefore, the shore-based program included both consolidation studies and grain-size distribution analyses of the samples analyzed aboard ship.
Shore-based Analyses
Grain-size Distributions
Downhole grain-size distributions for Sites 739, 742, and 743 are shown in Figure 4 . Of the whole-round samples from the remaining two sites, 740 and 741, only one and three analyses, respectively, were carried out. All the downhole grain-size distribution profiles show clay and sand to be the predominant fractions, with slightly less silt and minor gravel. The clay content varies between 15% and 68%, silt between 4% and 79%, sand between 0.5% and 69%, and gravel between 0% and 18%. Because of the relatively small volumes of the samples analyzed, particularly the gravel fraction may be statistically invalid.
Although grain-size analysis for Sites 739 and 742 also were carried out by Hambrey et al. (this volume) , it was necessary to have the various analyses carried out on the same samples in order to be able to relate grain-size characteristics to other physical properties. The results of the present study compare well with those of Hambrey et al. (this volume) . The main trends are similar, but the clay content of this study is slightly greater than that measured by Hambrey et al. (this volume) . Most likely, this results from the different methods used (pipette vs. Sedigraph) for the fine fractions (Lriken et al., 1986) . Furthermore, the gravel content measured by Hambrey et al. (this volume) was measured visually on cut core halves, and is probably more representative than in the present study.
No significant site-to-site trends seem to be present, with the possible exception that the silt content appears higher and the clay content lower at Site 739 than at Sites 742 and 743 (Fig. 4) . A greater number of samples is needed, however, to make the difference statistically significant. This is most evident looking at lithostratigraphic Unit II at Site 739 and Units II, III, and IV of Site 742, which tentatively are intercorrelated (Barron, Larsen, et al., 1989) . Downhole trends essentially follow the lithostratigraphic divisions given by Barron, Larsen, et al. (1989) and Hambrey et al. (this volume) . The stratified units (Fig. 2) generally have a higher content of clay and silt than the massive diamictites.
More important to this study, however, is the close association between the grain-size distribution and some of the physical properties (Fig. 5) . Because of the unsorted character of the sediment and the small sample volumes involved in the measurements, there is a wide scatter in individual data points. However, the main downcore trends in mud content and porosity (Fig. 5A ), water content, and bulk density at Sites 739, 742, and 743 show a good correspondence. The mud content correlates with the water content, porosity, wet-bulk density, and Pwave velocity with the correlation coefficients 0. 70, 0.66, respectively (Fig. 5B a high percentage of material with <O.O63-mm grain size (Fig.  5A ). The thin layer of high porosity and water content in the diamictons of Site 743 also corresponds with a mud content of nearly 100% (Fig. 5A ). The fluctuating physical properties values thought possibly to be due to variations in consolidation (Shipboard Scientific Party, 1989b , 1989c are therefore essentially grain-size effects. The overall values of the geotechnical properties are affected by a general overconsolidation (Solheim et al., chapter 9, this volume) , but the variations superimposed on the low water content and porosity values and the high bulk-density values appear to be purely effects of lithologic variations. Undrained shear strength shows no correlation (C) with the mud content (C = 0.02), and therefore no apparent shear strength variation was recorded in the high-porosity interval at Site 743.
Atterberg Limits
As measurements of plastic and liquid limits were carried out only for the whole-round core samples, there are only results from a limited part of the cored sediments. The values are generally low ( Fig. 6 and Table 2), with average values of 16.7% and 39.3% for plastic and liquid limits, respectively. These values, however, compare well with values measured in other glacial sediments from both on land (Boulton and Paul, 1976) and offshore (Lunne et al., 1986) . At Site 739, there is a change to higher and more varied values of both plastic and liquid limits at around 150 mbsf. The sediments of Site 742 show uniform values of plastic limit in the analyzed interval, whereas the liquid limits have a raised value at 182 mbsf. Sites 740 and 743 have only one and two analyzed levels, respectively, with values of about 15% and 35% for the plastic and liquid limits, respectively. The plasticity index averages 22.5% for the total data set.
The natural water content (N.B.: now in percent of dry weight, "geotechnical water content") of the diamictite samples falls near or below the plastic limit for the diamictites, while it falls between the plastic and liquid limit for the diamictons of Sites 740 and 743 (Fig. 6 ). The Atterberg limits are merely functions of the amount and types of clay minerals present in the sample (Lambe and Whitman, 1979) and are unaffected by the stress history. Therefore, the relation between the natural water content and plasticity further illustrates the overconsolidated nature of the diamictites. The apparent change around 150 mbsf at Site 739 does not correspond to lithologic changes or changes in other physical properties, but may be explained by an increase in the smectite content, from values of 5%-10% to 10%-15% (Hambrey et al., this volume) . A similar explanation can possibly be found for the peak liquid limit at Site 742.
In a plasticity chart (Fig. 7) , the bulk of the values falls well above the A-line, defined by Casagrande (1948) as dividing sediments of a broadly inorganic nature (above the line) from those with a significant organic content (below the line). According to Wagner (1957) , the bulk of the samples would classify as an inorganic clay of low to medium plasticity. The two data points close to the A-line are Cores 119-739C-26R and 119-739C-30R. These samples have a raised clay and silt content relative to the remaining whole-round core samples and probably because of this also show different consolidation characteristics compared to the remaining samples (Table 2) (Solheim et al., chapter 9, this volume) . Boulton and Paul (1976) defined a "T-line" (Fig. 7 ) for lodgement tills from Iceland and Spitsbergen. With the exception of the two samples close to the A-line, the majority of the tested samples plot at or very close to the T-line, in a position indicative of >30% clay content, with a relatively high proportion of clay minerals rather than rock flour.
Activities (Skempton, 1953) of the tested samples show low values, around 0.6 ( Boulton and Paul's (1976) T-line, a predominance of rock flour in the clay fraction seems unlikely. This is further supported by Hambrey et al. (this volume) showing that the inactive minerals iilite and kaolinite are the predominant clay minerals at both Sites 739 and 742.
Consolidation
A total of 15 consolidation tests was carried out on samples of glacigenic sediments. The consolidation tests simulate the burial of sediments as the oedometer cell does not allow horizontal deformation to take place (Sandbaekken et al., 1986) . Plots of the logarithm of vertical stress vs. void ratio (Fig. 9 ), or percent strain, as shown for the Prydz Bay samples by Solheim et al. (chapter 9, this volume) show two main parts, an initial linear, near-horizontal part and a linear sloping part. The former is due to reloading up to the highest previous stress level, whereas the latter represents loading beyond this and is often referred to as the virgin compression curve. The virgin compression curve is ideally linear for a given sediment and can be used to compare different deposits. Different stress histories will not change the virgin compression curve but only the transitional zone between the recompression and virgin compression curves at about the preconsolidation stress (P c ') The linearity of the virgin compression curve allows defining two parameters from the equation (Atkinson and Bransby, 1978) ,
where e 0 is the void ratio at ln{σ) = 0 or σ = 1 kPa and λ is the slope of the line. These parameters define the consolidation characteristics for a given sediment. The parameters calculated for the Prydz Bay diamictons are listed in Table 2 . It should be noted, however, that the validity of the equation is limited at extrapolations to high vertical stresses, as for such conditions it implies negative void ratios. The results from the measurements performed in this study, however, show that the curves are still nearly linear at the end of the test at approximately 24,000 kPa. This linearity is a prerequisite for the use of geotechnical consolidation theory.
A comparison of the results found here with data compiled by Jones and Addis (1985) shows that most of the samples have a virgin compression curve that is near or beyond the lower extreme of both the e 0 and λ ranges. Exceptions are the results from the more fine-grained intervals (e.g., Samples 119-739C-26R-2, 140-145 cm, and 119-739C-30R-5, 19-24 cm). Jones and Addis (1985) maintained that sediments with high amounts of nonclay minerals (e.g., rock flour) will be expected to show such behavior. Most likely, inactive clay minerals such as illite or kaolinite will behave similarly.
The results and interpretation of the consolidation tests with reference to P c ' are discussed by Solheim et al. (chapter 9, this volume) , and only the main results are summarized here. At Site 739, all oedometer-tested samples (down to 228 mbsf) were overconsolidated, with overconsolidation ratios (OCR) varying from 2 to 6 (Table 2) . Measured preconsolidation stresses (P c ') up to 10,000 kPa were measured in the lowermost tested samples, at 228 mbsf. A stepwise downhole increase in P c ' is ascribed to glacial loading and past sediment loads, subsequently removed by extensive glacial erosion across the shelf (Solheim et al., chapter 9, this volume) .
Similar values of P c ' are found at Site 742, with the exception of a close to normally consolidated level at 113.5 mbsf (Table 2). The four separate steps in the P c ' values are correlated between Sites 739 and 742 (Solheim et al., chapter 9, this volume) . Single consolidation tests in the soft diamictons of Sites 740 and 743 showed essentially normally consolidated sediment. Exact values of OCR for these two samples are 1.3 and 0.8, respectively, but because of a generally poor core recovery, and, hence, difficulties in estimating in-situ stress (P o f ), the uncertainties are great.
The validity of the interpretation of the consolidation tests also depends on the uncemented nature of the sediments. Both shipboard inspection (Barron, Larsen, et al., 1989) and shorebased geochemical analyses indicate that the tested samples are uncemented.
Permeability
Permeabilities were estimated both from the consolidation tests and as measured in the oedometer and in triaxial cell. Despite a wide range of variation (Table 2) , values of the coefficient of permeability (k) are generally low, averaging 0.004 m/ yr. The maximum and minimum values are 0.036 and 0.0003 m/ yr, respectively. According to the classification by Terzaghi and Peck (1967) , this is representative of very low permeability to practically impermeable. The number of k values measured or estimated for the normally consolidated diamictons is too sparse to be conclusive on variations in the permeability with degree of (Skempton, 1953) .
consolidation. The test of the normally consolidated Sample 119-740A-3R-3, 145-150 cm, shows the highest k value, 0.036 m/year, which is still very low, even for glacial tills (Terzaghi and Peck, 1967; Chilingarian and Wolf, 1975) . On the other hand, the shallowest sample at Site 743, as measured in triaxial cell, showed 0.0017 m/yr, which is lower than several of the overconsolidated samples. In general, the permeability will decrease considerably more rapidly than porosity with increasing degree of consolidation (Lambe and Whitman, 1979; Bryant et al., 1981) . On the other hand, the grain-size distribution of the sample is generally the most important single parameter determining the permeability. Plots of permeability vs. clay content and preconsolidation stress (P c r ) (Fig. 10) show that for the material in this study there is no correlation between the clay content and the permeability, whereas the latter correlates better with P c '. This is probably also a function of the character of the clay fraction, most likely with a relatively high proportion of nonclay minerals.
Undrained Shear Strength
In the bulk of the cored diamictites, the undrained shear strength exceeded the approximately 900-kPa capacity of the shipboard pocket penetrometer. The strengths measured close to this value are uncertain because of fracturing of the sample dur- ing push-in, and they should be taken only as indications of high-strength material. Three laboratory triaxial tests and one simple shear test were carried out to measure undrained shear strengths in the overconsolidated diamictites, whereas one triaxial test was carried out on a presumably normally consolidated sample from Site 743 (Table 2 and Fig. 11 A) .
In the simple shear test of Sample 119-739C-13R-1, 140-150 cm, from 107.3 mbsf, failure was achieved at 720 kPa (Fig.  11 A) , which is comparable with the shipboard values. Of the triaxial tests of diamictites, the shear stress peaked only in the deepest sample, 119-739C-19R-1, 135-150 cm, at a value close to 2500 kPa (Fig. 11B) . For Samples 119-739C-4R-3, 0-15 cm, and 119-739C-16R-1, 135-150 cm, the shear stress continued to rise towards strains as high as 20% and no failure occurred (Fig.  11B ). In accordance with experience for similar material from offshore Norway (T. Lunne, pers. comm., 1989) , the value for undrained shear strength was picked at 10% axial strain, giving 660, 1709, and 2488 kPa for the samples with increasing downhole depth (Fig. 1 IB and Table 2 ).
The same procedure was used for the soft diamicton Sample 119-743A-4H-3, 135-150 cm, giving a shear strength value of 47 kPa, although the curve for this test peaks 49 kPa at 17% axial strain (Fig. 11 A) . A value of 40-50 kPa for this sample is in ac- cordance with the shipboard values obtained by fall-cone penetrometer (Barron, Larsen, et al., 1989) , confirming the normally consolidated nature of the sediment at this depth. For the stiff diamictite samples, the triaxial shear-strength value in the shallowest sample, at 27.1 mbsf, corresponds reasonably well with the shipboard values measured by pocket penetrometer in adjacent sections within an error range of 200 kPa for the latter instrument (Table 2 and Appendix). The two deepest triaxial tests give values well beyond the range of the shipboard devices.
The continued rise in the stress-strain curves for the triaxial tests of Samples 119-739C-4R-3, 0-15 cm, and 119-739C-16R-1, 135-150 cm (Fig. 11 A) , is probably best explained by the negative pore pressures developed during the test (Fig. 11B ). This again results from a tendency toward a volume increase during the shearing of overconsolidated clays (Lambe and Whitman, 1979) . This tendency, causing increasing effective stresses, may continue to high strains and therefore cause the continuous rise of the stress-strain curves.
The stress paths for the triaxial and direct shear (DSS) tests (Fig. 11C) give the strength parameters c (cohesion) and Φ (friction angle) for the tested sediments. The stress paths for the samples that showed no failure apparently rise subparallel to the failure line. Therefore, fitted straight lines can be drawn along these and through the failure points for samples of the same sediment type (Fig. 11C) . From this procedure, Sample 119-739C-19R-1, 135-150 cm, appears to have characteristics different from the remaining four samples (Fig. 11C) , mainly in having a higher cohesion, although more tests are needed to define the curve. Most likely, the difference results from lithologic differences. A slightly higher mud content than the other samples, also resulting in a slightly higher plasticity (Table 2) , is a possible explanation. However, more tests are required to verify that significantly (geotechnically) different sediments were present.
Indirect Estimates of OCR and Undrained Shear Strength
Sample disturbance may strongly influence the shape of the consolidation curves from oedometer tests and tends to cause an underestimate of P c ', particularly for heavily overconsolidated samples (Andresen et al., 1979) . As undrained shear strength for clays is assumed to be less influenced by sample disturbance, a procedure based on empirical relations between plasticity, undrained shear strength, and in-situ stress (P o ') (Andresen et al., 1979; Brooker and Ireland, 1965 ) was used to estimate P c ' (Fig. 12) .
Four P c ' values were estimated this way at Site 739, using the undrained shear strength values from the DSS and triaxial tests ( Table 2 ). The shallowest, at 27.1 mbsf, is approximately twice the value of the oedometer test 2.5 m farther downhole, and hence may indicate an underestimation of P c ' from the oedometer tests (Solheim et al., chapter 9, this volume) in this part of the drilled sequence. The P c ' estimated from the direct shear test at 107.30 mbsf (Table 2) has an almost perfect fit with the oedometer test performed on another part of the same 10-cmlong sample, giving some indication that the character of the specific sample analyzed may have an influence (e.g., lithology). Another test at 131.65 mbsf also matches well with adjacent consolidation test results, whereas the deepest triaxial test at this site results in an estimated P c ' significantly higher than the adjacent ones from oedometer tests ( Table 2 ). This may again indicate underestimates of P c ' from the oedometer tests, but because the procedure used here is based on empirical relations calculated from sediments different from the ones of the present study, the uncertainties may be considerable. Important though, for all these estimated values is that they show that the oedometer consolidation tests give a realistic estimate for the consolidation, on the conservative side rather than giving too high values.
The P c ' value estimated from the triaxial test of the apparently normally consolidated diamicton at Site 743 (Table 2) indicates a slight overconsolidation, which could be real, caused by secondary compression (creep) or gravity-induced removal of overburden at a relatively small scale. For most practical reasons, however, and considering the uncertainties in the estimates, the sediment can be considered normally consolidated.
The same empirical relations (Fig. 12) were also used to estimate undrained shear strength from the consolidation test results, reversing the procedure previously discussed. At Site 739, undrained shear strength values obtained this way are lower than the shipboard-measured values in the upper 110 mbsf (Table 2). Although great care should be taken in using undrained shear strength values obtained by pocket penetrometer near the upper limit of the measurable range for this instrument, the difference in estimated and measured values may give further indications of the underestimated P' values from the oedometer At Site 742, there is a relatively great scatter in the shipboard undrained shear strength values (Barron, Larsen, et al., 1989) (Appendix), and the two shallowest of the values estimated from P c ' (at 57.86 and 113.51 mbsf) ( Table 2 ) fall within the range of this scatter. Below this, the estimated shear strengths exceed the upper limit for the shipboard devices, and shipboard values within the measurable range may have been affected by drilling disturbance.
DISCUSSION
The results of the land-based laboratory studies have shown that the geotechnical character of the glacigenic sediments on the continental shelf in Prydz Bay is a function of a general but varying degree of overconsolidation and lithologic variations. The relatively high overconsolidation ratios (OCR) from oedometer tests show step wise downhole trends, interpreted to represent mostly the effects of sediment loading followed by periods of large-scale glacial erosion by the East Antarctic Ice Sheet during expanded phases (Solheim et al., chapter 9, this volume) . However, the steps in consolidation show no correspondence to more high-frequency fluctuations in other physical properties, which do show good correspondence with the grain-size distributions (Fig. 5) . The latter is therefore taken as the principal cause for the fluctuating physical properties, particularly in the intervals between 170 and 310 mbsf at Site 739 and between 114 and 195 mbsf at Site 742. The consolidation history as interpreted by Solheim et al. (chapter 9, this volume) provides information on the largescale, long-term expansions and retreats of the ice sheet that removed major parts of the sedimentary record, created large hiatuses, and left only remnants of the glacial history (Barron, Larsen, et al., 1989) . Probably the most important factor affecting the grain-size distribution, and therefore also the smaller-scale variations in physical properties, is the distance from the sediment source (i.e., the proximity to the glacier grounding line). Grounding-line fluctuations of considerably higher frequencies than that apparent from the consolidation history (Solheim et al., chapter 9, this volume) are evident from the physical properties variations. High values of porosity and water content and low values of bulk density and velocity indicate a more distal position relative to the grounding line. Because of the long hiatuses and the poor chronostratigraphic control (Barron, Larsen, et al., 1989) , any attempt to count individual advances and retreats would be misleading. A number of such relatively shortterm fluctuations are most likely hidden in the hiatuses, as well as in non-recovered parts of the sedimentary section. Furthermore, there is a notable lack of sediments interpreted as glacier distal in the recovered sequences (Hambrey et al., this volume) . Although distal sedimentation may be low on the Antarctic continental shelf (Elverhòi and Roaldset, 1983) , a likely explanation is that the distal deposits are the first to be eroded by subsequent advances. Through a number of advances and retreats, mostly proximal sediments, lodgement tills, and reworked distal deposits are preserved.
The Shipboard Scientific Party (1989b Party ( , 1989c ) speculated whether the smaller scale fluctuations in physical properties could be ascribed to variations in consolidation. The results of the oedometer tests can be used to check the probability of this. At Site 739, the porosity decreases from approximately 40% to 25% between 186 and 205 mbsf. This implies a void ratio reduction of 0.33. The consolidation test of Sample 119-739C-26R-2, 140-145 cm, at 186.10 mbsf (Fig. 9) shows that this would imply a load increase in the order of 15,000 kPa for the type of sediment represented in this sample. For most of the oedometertested samples, void ratio reductions of this magnitude are not achieved at all during an entire test, with loading from near 0 to more than 24,000 kPa. From the discussion by Solheim et al. (chapter 9, this volume) , load variations of this magnitude are impossible unless they represent nearly 1 km of deposition and erosion. High sediment loads, subsequently removed by erosion, would also have affected the geotechnical properties of the remainder of the cored sequence and not allowed deeper downhole fluctuations.
In addition to lithology, several of the geotechnical properties are dependent on the mineralogy of the fine fractions. In particular, this is the case for the activity, plasticity, permeability, and consolidation characteristics. A main factor is the ability of the different minerals to adsorb water (i.e., the activity of each mineral present in the sediment). High amounts of nonclay minerals (rock flour) in the clay fraction are typical for glacial sediments (Boulton and Paul, 1976; Solheim, in press ). Although no quantification of the content of rock flour in the Prydz Bay sediments has been made, X-ray-diffraction studies indicate that it is significant, at least exceeding 20% (W. Ehrmann, pers. comm., 1989) . In addition, the main clay minerals present are kaolinite and illite, both of which have low activities (Janbu, 1970) . The sum of these factors results in an inactive sediment of relatively low plasticity which has low values of initial void ratios (before any load is applied). There is no significant decrease in permeability with increasing clay fraction and the material deforms relatively slowly even as a response to loads of up to 24000 kPa.
SUMMARY AND CONCLUSIONS
Below a thin veneer of normally consolidated sediments, which increases in thickness beyond the shelf edge, thick sequences of overconsolidated, high-strength diamictites are found on the continental shelf in Prydz Bay. Based on both shipboard and land-based geotechnical analyses, the glacigenic diamictons and diamictites show the following characteristics:
1. The lithology is relatively uniform. The main variations are found downhole and define the lithostratigraphic units described by Hambrey et al. (this volume) . Stratified diamictites have higher proportions of silt and clay than the massive diamictites.
2. The overconsolidation, which is caused by glacial loading combined with great sediment loads removed by glacial erosion (Solheim et al., chapter 9, this volume) , is illustrated in profiles of physical properties that show no trends indicative of increasing present overburden. Such a "normal" trend is, however, found for the normally consolidated diamictons of Site 743, on the upper continental slope.
3. A number of fluctuations in physical properties are superimposed on the general, overconsolidated trend. These are caused by variations in the proportions of clay and silt relative to sand and gravel. The grain-size changes are caused by variations in the position of the grounding line of the ice sheet.
4. The diamictites have average water contents, porosities, wet-bulk densities, and P-wave velocities in the order of 15%, 30%, 2.3 g/cm 3 , and 2200 m/s, respectively, but significant variation around these values is found, particularly at intermediate levels at Sites 739 and 742.
5. Because of a relatively high proportion of nonclay minerals and low-activity clay minerals (illite and kaolinite) in the clay fraction, the cored sediments generally are classified as inactive, of low to medium plasticity, and consolidate with little deformation even when subjected to great stresses. Deviations from this are found in two more mud-rich samples.
6. Permeabilities are low, and the bulk of the cored sediments are classified as practically impermeable. Preconsolidation pressure = Overconsolidation ratio Overburden pressure Figure 12 . Relationships between undrained shear strength, effective in-situ stress, overconsolidation ratio, and plasticity index (I p ), based on correlations for Drammen clay and relationships obtained by Brooker and Ireland (1965) (from Andresen et al., 1979) . 7. Undrained shear strengths of up to nearly 2500 kPa were measured in triaxial tests. Because negative pore pressures develop during testing of this high-strength material, failure is not necessarily achieved during the shearing. Stress paths are used to show that there are at least two sediment types present, and that geotechnically, they behave somewhat differently.
8. Preconsolidation stresses up to 10,000 kPa were measured in the oedometer tests. P c ' values estimated empirically from undrained shear strength and plasticity, indicate that the oedometer results may underestimate, and therefore provide a conservative estimate of, past loads.
9. The present results compare well with results obtained from glacigenic deposits of other areas, including the Antarctic. This is, however, the first time Antarctic material from depths below seafloor exceeding those reachable by traditional piston, vibro, and gravity corers has been tested geotechnically. Based on seismic character from other areas around Antarctica (e.g., Elverhòi and Maisey, 1983; Cooper et al., 1987) and also on cores from boreholes (although without geotechnical analyses) (Barrett, 1989) , sediments with a geotechnical character similar to that described in this paper can also be expected to exist in other parts of the Antarctic continental shelf that have a similar glacial erosion history. Instrument 13 P P P P P P P P P P P P P P P P P P P P P P P P P a Wet-bulk density measured by the gamma ray attenuation porosity evaluator (GRAPE). P = pocket penetrometer; F = fall-conepenetrometer; W = Wykeham-Farrance motorized vane. c P-wave velocity measured parallel to the core. P-wave velocity measured normal to the core.
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